Abstract. The present study was undertaken in order to investigate the effects of static magnetic field (SMF) exposure on the antioxidative enzymes activity, malondialdehyde (MDA) concentration and DNA oxidation in male rat brain. The exposure of rats to SMF (128 mT, 1 h/day during 30 consecutive days) decreased the glutathione peroxidase (GPx; -39%, p < 0.05), CuZn superoxide dismutase (CuZn-SOD; -35%, p < 0.05) and catalase (-59%, p < 0.05) activities in frontal cortex. The same treatment decreased the CuZn-SOD (-51%, p < 0.05) and Mn-SOD (-13%, p < 0.05) activities in hippocampus. However, the glutathione levels remained unchanged in the both brain structures. In the hippocampus, SMF exposure increased MDA concentration (+32%, p < 0.05). Interestingly, exposed-rats to SMF displayed a significant increase of metallothioneins level in frontal cortex (+100%, p < 0.05), while the 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo) concentration remained unaffected, indicating the absence of DNA oxidation.
Introduction
Previous data suggested the association between electromagnetic field (EMF) exposure and the increased incidence of certain types of tumour, particularly leukemia and brain cancer (Wertheimer et al. 1995; Aldrich et al. 2001) . Moreover, EMF can induce biochemical changes, which are the result of altered membrane potential, and consequently perturbed function of the transmembrane ionic and cell activities (Berg 1993) . Prina-Mello et al. (2006) reported that static magnetic field (SMF) exposure activated a voltage dependent Ca 2+ channel opening in rat cortical neurons. Previous data pointed that SMF could modulate synaptic excitability as measured in mouse hippocampal slice preparations (Trabulsi et al. 1996; Wieraszko 2000; Bailey 2002) . Recently, Abdelmelek et al. (2006) reported that SMF (128 mT) increased the norepinephrine content in skeletal muscle associated to sympathetic hyperactivity in rats. Previous reports from our laboratory demonstrated that sub-acute exposure to SMF stimulated biosynthesis of plasma corticosterone and metallothionein in female rats and enhanced apoptosis. In part, the mechanism for this stress response by SMF is believed to be related to oxidative stress (Chater et al. 2004 (Chater et al. , 2005 . The nervous system including the brain, spinal cord, and peripheral nerves is rich in both unsaturated fatty acids and iron. The high lipid content of nervous tissue, coupled with its high aerobic metabolic activity, makes it particularly susceptible to oxidative damage (Bauer et al. 1999) .
Biological systems can respond to a wide range of SMF. Some of these responses seem to be mediated partly through free radical reactions. However, health and environmental concerns have been raised because the SMF effects on oxidative stress leading to genetic mutation and apoptosis/necrosis have been found (Okano 2008) . Moreover, Hashish et al. (2008) indicate that there is a relation between the exposure to SMF and the oxidative stress through distressing redox balance leading to physiological disturbances. It is recorded that after exposure to magnetic field mainly superoxide anion radicals were produced, both in mouse bone marrow-derived macrophages and also in their precursor cells (Rollwitz et al. 2004) . Recently, marked increases in the levels of malondialdehyde (MDA) and 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo), oxidative products of lipids and DNA respectively, and xanthin oxidase activity in brain tissues and plasma were recorded after magnetic field exposure (Wolf et al. 2005; Yokus et al. 2005) .
The increasing production of magnetic fields, due to the expanding use of electronic devices in normal life, is encouraging studies on the effects of magnetic field on living organisms, with a view to better protecting human health against their probable unfavourable effects. The present study performed an experimental approach to investigate the effects of sub-chronic exposure to SMF on antioxidative response and DNA damage in rat frontal cortex and hippocampus.
Materials and Methods

Animals
Adult Wistar male rats (SIPHAT, Tunisia), weighing 180-200 g were randomly divided into control rats (n = 6) and SMF-exposed rats (n = 6). Animals were housed in group of six in cages at 25°C, under a 12 : 12 light/dark cycle, with free access to water and commercial wash.
Animals were cared for, under the Tunisian code of practice for the Care and Use of Animals for Scientific Purposes. The experimental protocols were approved by the Faculty Ethics Committee (Faculté des Sciences de Bizerte, Tunisia).
Exposure system
Electromagnets (EM4-HV, Magnet Power supply Model 647; Lake Shore Cryotronic, Inc., Westerville Ohio, USA) are compact electromagnets suited for many applications such as magnetic resonance demonstrations. Water-cooled coils provide excellent field stability and uniformity (when high power is required to achieve the maximum field capability for the electromagnet). The Lake Shore electromagnets generate a SMF (Abdelmelek et al. 2006) .
SMF exposure
The intensity of SMF was measured and standardized in the total floor area of the plexiglas cage at 128 mT. The cage was 20 cm long, 10 cm wide and 20 cm high. The two bobbins of the Lake Shore system were separated by 12 cm. Male rats were exposed to the SMF, 1 h/day (between 9-12 h) during 30 consecutive days. The cage in the Lake Shore contained two rats for each assay. The control rats were placed in the same conditions without applying the SMF.
Tissue preparation
After 4 weeks of exposure both groups were sacrificed and brains were immediately excised. Samples of frontal cortex and hippocampus were weighed, rinsed with ice-cold deionized water and dried with filter paper. Tissues fractions were homogenized using the appropriate buffer (Tris 10 mmol/l, EDTA 1 mmol/l, PMSF 1 mmol/l; pH = 7.5). The homogenates were centrifuged at 600 × g for 10 min and recentrifuged at 13,000 × g for 20 min at 4°C to obtain a postnuclear homogenate and postmitochondrial supernatant fractions (Ebru and Mesut 2002) .
MDA assay
Lipid peroxidation in the tissues was measured by the TBARS (thiobarbituric acid reacting substance) and was expressed in terms of MDA content (Placer et al. 1966) . Sample aliquots were incubated with 10% trichloroacetic acid and 0.67% thiobarbituric acid. The mixture was heated on a boiling water bath for 30 min, an equal volume of n-butanol was added, and the final mixture was centrifuged; the organic phase was collected for fluorescence measurements. Samples assayed for MDA contained 1 mmol/l BHT (butylated hydroxytoluene) in order to prevent artefactual lipid peroxidation during the boiling step. The absorbance of samples was determined at 532 nm. Results were expressed as micromoles MDA per gram of protein.
Glutathione peroxidase activity
The reaction was carried out at 25°C in 600 μl of solution containing 100 mmol/l of potassium phosphate buffer, pH 7.7, 1 mmol/l of ethylenediaminetetraacetic acid, 0.4 mmol/l of sodium azide, 2 mmol/l of glutathione, 0.1 mmol/l of nicotinamide adenine dinucleotide phosphate, and 0.62 U of glutathione reductase. The activity of glutathione peroxidase (GPx) was assayed by the subsequent oxidation of NADPH at 340 nm with t-butyl hydroperoxide as a substrate (Maral et al. 1977) .
Catalase activity
Catalase activity was measured at 20°C according to Aebi (1984) . The homogenate was incubated with ethanol (10%) and Triton (10%). Activity was assayed at 25°C by determin-ing the rate of degradation of H 2 O 2 at 240 nm in 10 mmol/l of potassium phosphate buffer (pH 7.0). The extinction coefficient of 43.6 mmol·l -1 /cm was used for calculation. One unit is defined as 1 pmol of H 2 O 2 consumed per minute and the specific activity is reported as units per milligram of protein.
Superoxide dismutase activity
The method described by Paoletti and Macoli (1990) was used for the assay of superoxide dismutase (SOD) activity. This method consists of purely chemical reactions sequence, which generates superoxide from molecular oxygen in the presence of EDTA, manganese(II) chloride and mercaptoethanol.
Measure of metallothioneins
The determination of metallothioneins was performed according to the technique described by Eaton and Cherian (1991) .
DNA extraction from frontal cortex and HPLC-EC analysis
DNA was extracted using a previously reported chaotropic method that prevents spurious oxidation of DNA bases (Ravanat et al. 2002) . Tissues samples were weighted and each portion was homogenized in 1.2 ml of buffer (320 mmol/l sucrose, 10 mmol/l Tris, 5 mmol/l MgCl 2 , 0.1 mmol/l desferroxamine mesylate, 1% Triton, pH 7.5). After centrifugation, the DNA pellet was rinsed by 1 ml of 70% ethanol. The DNA pellet was then solubilized into 100 μl of deionised water containing 0.1 mmol/l deferroxamine mesylate. The DNA solution was incubated with 2 units of nuclease P1, the sample was held at 37°C for 2 h. Then, 4 units of alkaline phosphatase were added together with palk buffer (Douki et al. 2000) . After incubation 1 h at 37°C, the samples were centrifuged and the aqueous layer collected and analysed by HPLC-EC detection. The resulting solution contained normal bases and 8-oxodGuo as nucleosides. The procedure described by Kasai (1997) was applied for the measurement of the 8-oxodGuo. Separation of nucleosides was performed using a C18 reversed-phase Uptisphere ODB octadecylsilyl silica gel column (5 μm, 4.6 × 250 mm) from Iterchim (Montluçon, France) maintained at 30°C. The retention time of 8-oxodGuo is 21.5 min. The amount of DNA analysed was determined from the area of the peak of 8-oxodGuo after appropriate calibration. A Coulochem II. model 5200 A, electrochemical detector (ESA, Chemlsford, MA, USA) was used for the detection of 8-oxodGuo. Elution of unmodified nucleosides was monitored using an UV detector (model 2151, LKB Bromma) set at 280 nm.
Data presentation and statistical analysis
Data were analysed using Stat View 512 + software (Abacus Concept Inc.). Means were given with ± SEM and were subjected to the unpaired Student's t-test. The level of significance was set at p < 0.05.
Results
Effects of SMF exposure on the antioxidant enzymes and MDA concentration in hippocampus
In the hippocampus, the CuZn-SOD and the Mn-SOD activities were found to be decreased by SMF expose respectively (7.29 ± 0.78 vs. 14.9 ± 0.63 U/mg protein (pt), p < 0.05; 6.26 ± 0.28 vs. 7.17 ± 0.3 U/mg pt, p < 0.05) (Table 1 ). However, catalase activity (1.51 ± 0.29 vs. 1.74 ± 0.55 U/mg pt, p > 0.05) and glutathione level (12.79 ± 1.35 vs. 12.01 ± 4.21 U/mg pt, p > 0.05) remained unchanged (Table 1 ). SMF exposure increased MDA level (0.98 ± 0.03 vs. 0.74 ± 0.10 μmol/g pt, p < 0.05) in hippocampus (Figure 1) .
Effects of SMF exposure on antioxidant response and DNA damage in frontal cortex
Following sub-chronic exposure to SMF, we noted a decrease of the CuZn-SOD (8.09 ± 0.44 vs. 12.49 ± 1.12 U/mg pt, p < 0.05), the GPx (130.16 ± 13.45 vs. 213.8 ± 22 .83 U/mg pt, p < 0.05) and catalase (1.52 ± 0.09 vs. 2.55 ± 0.27 U/mg pt, p < 0.05) activities in frontal cortex of rats. However, SMF had no effect on catalase activity (1.52 ± 0.09 vs. 2.55 ± 0.27 U/mg pt, p > 0.05) and glutathione level (11.35 ± 1.16 vs. 12.15 ± 4.02 U/mg pt, p > 0.05) (Table 1) . Moreover, SMF exposure failed to alter MDA concentration (0.47 ± 0.11 vs. 0.35 ± 0.03 μmol/g pt, p > 0.05) (Figure 1 ).
SMF exposure increased the level of metallothioneins in frontal cortex of rats (0.31 ± 0.07 vs. 0.15 ± 0.03 μg/g, p < 0.05) (Figure 2 ). By contrast, the 8-oxodGuo concentration remained unchanged (1.78 ± 0.29 vs. 1.67 ± 0.08 8-oxodGuo/10 6 bases, p > 0.05) (Figure 3 ).
Discussion
The major finding of our study reported that sub-chronic exposure to SMF (128 mT, 1 h/day during 30 consecutive days) induced oxidative stress in rat hippocampus and frontal cortex. By contrast, the same treatment failed to induce DNA oxidation.
Antioxidant enzymes are considered to be a primary defence that prevents biological macromolecules from oxidative damage. SOD is mainly located in neurons whereas GPx, the major protective enzyme against the action of H 2 O 2 , is mostly present in astrocytes (Benzi and Moretti 1995) . Among these antioxidants, SOD is critically important in brain (Benzi and Moretti 1995) . Reports related to the effect of SMF on free radical scavenging systems are very limited till date. In the present investigation, we examined the effect of sub-chronic exposure to SMF in activities of SOD, GPx, catalase and glutathione levels in hippocampus and frontal cortex of rats. Our results show that SMF decreased the GPx (-39%), CuZn-SOD (-35%) and catalase (-59%) activities in frontal cortex and those of CuZn-SOD (-51%) and Mn-SOD (-13%) in hippocampus. By contrast, SMF exposure increased the MDA (+32%) level in hippocampus. Thus, the increase of MDA concentration following SMF application could be explained by the induction of lipid peroxidation in hippocampus which might be related to the inhibition of SOD (Nehru and Anand 2005) . The decrease of antioxidant enzymes activity associated to a lipid peroxidation indicated that SMF exposure induced an oxidative stress in brain. The mechanism implicated is not well understood. Two possible explanations at least may be advanced. Firstly, SMF exposure induced probably the perturbation of cerebral mineral divalent elements homeostasis, contributing to their deficiency in the tissue. In accord with this view data indicated that EMF-exposure induced a zinc deficiency in tissues (Ozturk et al. 2003; Amara et al. 2007 ). Previously, it was shown that zinc deficiency induced oxidative stress in rat brain (Yousef et al. 2002) . Interestingly, we have shown in our laboratory that zinc administration prevents hematological and biochemical alterations induced by SMF in rats (Amara et al. 2005) . Secondly, SMF exposure could be followed by cerebral free radical production (Lee et al. 2004 ). Brain is very vulnerable to reactive oxygen species because it contains high concentrations of easily peroxidizable fatty acid and iron (Bauer et al. 1999; Lee et al. 2004) . Previous data reported also that magnetic field exposure affects iron homeostasis in certain cells, leading to an increase in free iron in the cytoplasm and nucleus, which in turn leads to an increase in hydroxy radicals, via the catalytic activity of the Fenton reaction (Lai and Singh 2004) . Our data showed that SMF exposure increased metallothioneins concentration in frontal cortex of rat. These results are similar to those previously reported by Chater et al. (2005) demonstrating that SMF induced metallothioneins synthesis in rat liver. Since these proteins may participate in protection against oxidative stress as a free radical scavenger (Thornalley and Vasak 1985; Juan et al. 1988) . Moreover, metallothioneins play a critical role to maintain mineral element homeostasis (Cai et al. 2005) . Sub-chronic exposure to SMF failed to increase 8-oxodGuo level in frontal cortex of rat, indicating the absence of DNA oxidation. The integrity of DNA following SMF application may be related to a possible protective role of metallothioneins, against free radical.
Our results suggested that hippocampus structures are the most sensitive to SMF than frontal cortex. Since, the regional specific effect of SMF was registered on the basis of the decrease of CuZn-SOD, Mn-SOD and the increase of MDA concentration in hippocampus. The hippocampus is sensitive to oxidative damage being probably rich in oxidizable substrates and high oxygen tension and low antioxidant capacity. Further experiments, especially investigations of the activation of the antioxidant enzymes' gene expression and trace element homeostasis are needed in order to clarify the precise mechanisms underlying different structure sensitivity after sub-chronic exposure to SMF.
In conclusion, the results presented above showed that sub-chronic exposure to SMF induced oxidative stress in rat frontal cortex and hippocampus. Indeed, we have noted a marked metallothioneins induction, probably implicated in a protective role against DNA oxidative damage in rat brain.
